In this paper, a surface-enhanced Raman scattering (SERS) spectral probe based on a polymethylmethacrylate (PMMA) polymer fiber is produced by femtosecond laser ablation and photoreduced deposition of silver nanoparticles. It shows that a surface grating structure enabled by femtosecond laser ablation could further improve the SERS signal by around four times larger than the ordinarily roughened structure. By varying femtosecond laser pulse energy and scan surface period in the fabrication process, the enhancement factor of the SERS signal is optimized with laser scan surface period of around 5 μm at 1.2 μJ femtosecond laser pulse energy for a PMMA fiber probe. In particular biochemical analysis, much softer SERS probes are preferred, and our polymer SERS fiber probe shows an alternative method for in situ measurement of the SERS signal and further fabrication of polymer SERS microchip.
Introduction
Surface-enhanced Raman scattering (SERS) is the most powerful tool in spectra analysis because its higher enhancement factor than Raman scattering, which gives it great potential in surface science and engineering, single molecule analysis, biomedical application, food safety, and environment monitoring [1] , [2] . Due to strong enhancement of the electromagnetic field by localized surface plasmon resonance with roughened metal surface, metal nanostructures, and metal nanoparticles, the Raman signal could be drastically amplified by orders of 10 6 . Recently, the fiber-based SERS has attracted great attention for its unique characters of flexibility and long-distance in vivo medical and biological applications [3] , [4] . Various types of fiberbased SERS sensors have been developed by many research groups, such as a microstructure fiber-based SERS probe [5] , [6] , D-shape fiber probe [7] , chemical-etched tapered fiber probe [8] - [10] , femtosecond (fs) laser ablated fiber probe [11] , [12] , and tip micro-lens based fiber probe [13] . According to the excited way of incident light, the fiber probes could be divided into two types: evanescent field excited SERS fiber probe and core mode field excited SERS fiber probe. The former one always has limited overlap of evanescent field and active region resulting in the relative small sensitivity [5] , [7] - [10] . The latter one has enlarged overlap of excited laser field and metal nanoparticles and always gives high measure sensitivity [6] , [11] . As reported by [11] and [12] , the SERS fiber probe could be fabricated by fs laser roughened silica surface and shows a high-quality SERS signal of Rhodamine 6G (R6G) molecules (10 −8 −10 −6 M solutions). In previous work, we have also presented a sensitivity-enhanced u-shaped fiber SERS probe etched by fs laser [14] . This method is easy-to-fabricate and core-mode-excite, which has been employed to construct SERS microchip on silicon wafer [15] , [16] and single crystal sapphire fiber [17] . However, no further analysis has been carried on the impact of the fs laser ablated structure and surface morphology.
In particular biochemical analysis, a more flexible and un-fragile SERS probe is preferred. The polymer fiber is much softer and can be twisted with much smaller diameter (down to a 2 mm diameter circle), and it can also be relatively easier etched by fs laser with the same laser pulse energy than the silica fiber. Therefore, in this paper, a SERS fiber probe based on a polymethylmethacrylate (PMMA) polymer fiber is constructed by fs laser ablation and photoreduced deposition of silver nanoparticles. It shows that surface grating structure via fs laser ablation could further improve the SERS signal by around four times larger than the ordinarily roughened structure. By varying fs laser pulse energy and scan surface period in fabrication process, the enhancement factor of SERS signal is optimized at scanned surface period of around 5 μm and 1.2 μJ fs laser pulse energy for a PMMA fiber probe.
Experimental Setup and Principle
The employed PMMA polymer fiber in experiment is a single-core plastic optical fiber (Chunhui Sci. & Tech., EL2121). The low loss transmission wavelength region is from 420 nm to 680 nm with a loss of <200 dB/km, and the measured transmission loss at 785 nm is around 2.4 dB/m. The index of PMMA fiber core and fluororesin-coated fiber cladding are 1.49 and 1.40, respectively, and the diameter of the core and thickness of the cladding coating are around 120 μm and 5 μm, respectively. A small piece of polymer fiber with around 40 mm length is prepared with two end surfaces cleaved by an ordinary razor blade.
The experimental setup is shown as Fig. 1 . A regenerative amplified fs laser (Spectra Physics, Soslitice) is used as a fabrication laser. The central wavelength is at 795 nm, and the pulse width and repeat frequency are with 100 fs and 1 kHz, respectively. The maximum output average power is 3.4 W and could be controlled by a tunable attenuator. A 50× micro objective with NA = 0.5 is chosen to focus the laser beam and observe the reflective top cross-section of polymer fiber in real time, and the laser beam scan speed is set to be 200 μm/s. In the fabrication process, the laser scan surface period is varied from 1 μm to 9 μm, and three typical laser pulse energies of 380 nJ, 1200 nJ, and 2900 nJ are chosen. The cleaved fiber is placed onto a XYZ 3-D micro-stage, and its top end surface is ablated by the line-by-line scan. A 200× charge-coupled device (CCD) is used for realtime side-view monitor. The PMMA material is much softer than the silica fiber, and with the same pulse energy and scanning speed, the laser ablated slit is much deeper than that of silica fiber. The produced fiber sample is ultrasonically washed in an ethanol bath to remove the residual debris.
The silver nanoparticles are growth on the surface of the fiber tip via photoinduced deposition method. The reaction vessel is a 200 μL centrifuge tube and filled successively with 100 μL of 10 mM sodium citrate and 100 μL of 10 mM silver nitrate, respectively. The polymer fiber is dipped into the mixed aqueous solution, and a 785 nm laser is used as a photoreduction light source and delivered onto the end surface of the polymer fiber by a 25× micro objective lens. According to the previous report [18] , the photoreduction of silver nanoparticles mainly consists of three reacting steps: 1) Silver irons of Ag + are attached to the polymer-solution interface of the fiber mode waist diameter by electrostatic attraction; 2) citrate is decomposed and electron is yielded apparently by the well-known process as follows:
With the capture of the negative electron, the Ag + iron is transferred to silver atom Ag 0 ; 3) the dimer structure is formed by the assemble of the Ag 0 and Ag + iron and eventually transferred to silver cluster of Ag − n combined with negative electron of citrate, and then, the reduced reactivity of the nanoparticle is magnified via the addition of silver irons nanoparticle and grows continuously at the surface of the polymer/solution interface shown as the following expression:
The size of the Ag nanoparticles attached to the polymer surface could be controlled by the irradiation time and the photoexcitation intensity. In experiment, the photoexcitation intensity of the 785 nm laser power is measured to be around 20 mW, and the reaction time is optimized to be around 3 mins ± 20 secs. Fig. 2 shows cross sections of the fs laser ablated PMMA fiber with different scan surface periods of 1 μm, 3 μm, 5 μm, 7 μm, and 9 μm at 1.2 μJ pulse energy, respectively. As the minimum fs laser spot is around 1.7 μm, with large scan surface period, the ablated slit is much deeper and clear, and the surface grating structure can be observed obviously, as shown in Fig. 2(d)-(f) . However, with small scan surface periods of 1 μm and 3 μm, the PMMA fiber end faces are ordinary roughened without obvious surface grating structure formed as shown in Fig. 2(b)-(c) . Fig. 2(g)-(k) are the scanning electron microscopy (SEM) images with Ag nanoparticle surface morphology. It is observed that the photoreduced deposition of Ag nanoparticles on PMMA fiber end surface is with good homogeneity and dispersibility.
Results and Discussion
Rhodamine 6G (R6G) is used as target molecules to verify the feasibility of the polymer SERS probe. The Raman spectra are recorded by an integrated CCD Raman spectroscopy (BWTEK inc., i-Raman plus 785H) with excited laser wavelength of 785 nm, the measured laser power delivered to the fiber tip is around 0.5 mW, and the integral time is set to be 10 s. The probe is dipped into an aqueous solution mixed 20 μL of 10 −5 M R6G with 180 μL of 10 −1 M NaCl solution. The NaCl accounts for the enhanced attachment of the target molecules to silver nanoparticles. Fig. 3 illustrates typical 10 −6 M R6G SERS spectra recorded. The top curve is the measured raw spectrum with multi characteristic peaks. The middle curve is the background scattering spectrum of the PMMA polymer fiber recorded once the fiber tip dipped into the R6G mixed solution, and the Raman peak around 800 cm −1 mainly results from the C-C stretching vibration in PMMA. The bottom curve presents the typical R6G SERS spectrum subtracted from the raw data. The relative intensity of characteristic peak at 1362.8 cm −1 for 10 −6 M R6G solution approaches 52129. Fig. 4 illustrates SERS spectra for polymer fiber samples with varied laser scan surface periods from 1 μm to 9 μm. The uppermost curve is for the probe with flat fiber end and Ag nanoparticles deposited, and no Raman signal is clearly found without fs laser ablated on fiber end surface. It also shows that with the same fs laser pulse energy of 1.2 μJ in the fabrication process, the relative intensity of SERS signal varies with the laser scan surface period. Since the focused laser spot is around 1.7 μm through a 50× objective lens, no obvious surface grating structure is formed, and the surface is just roughed by laser ablation. The relative intensity is smaller than that of scan surface periods of 1 μm and 3 μm. As the scan period increases to 5 μm, surface grating structure is enabled, and the SERS signal reaches the largest value of around 52129 at 1362.8 cm −1 , which is around four times larger than that of the other scan periods. Such a grating structure could result in the enhancement of light diffraction and rapid growth of the Ag particles within similar illumination time and the same photoreduced laser power. However, as larger laser scan surface periods are employed, fs laser roughened area decreases and does not produce too much strong Raman signal as the lower curve of Fig. 4 shows. Fig. 5 shows the relative intensity of Raman peak at 1362.8 cm
versus laser scan surface period with the same fs laser pulse energy of 1.2 μJ in the fabrication process, an optimal scan surface period of around 5 μm could be easily found.
The fs laser pulse energy also could affect the final enhancement of Raman scattering with the same laser scan surface period. Fig. 6 illustrates the relative intensity of Raman peak at 1362.8 cm
versus fs laser pulse energy with a 5 μm laser scan surface period in the fabrication process. It suggests that for small pulse energy, the ablated slit on the fiber end surface becomes narrow and shallow, the relative intensity of Raman peak at 1362.8 cm −1 is small: even the grating structure works. Conversely, the ablated grating slit vanishes for larger laser pulse energy and larger focused laser spot, the Raman signal also deceases by around four times: even the larger roughened area works. Therefore, for a certain laser pulse energy, there exists an optimized scan surface period, e.g., the 5 μm laser scan surface period is optimal to get the largest enhancement factor of SERS signal for 1.2 μJ pulse energy, which may be also appropriate for the SERS substrate fabrication on silica fiber or silicon wafer by fs laser ablation.
Conclusion
In this paper, we present that a SERS fiber spectral probe can be easily produced by fs laser ablation and photoreduced deposition of silver nanoparticles on such a fabricated end surface of PMMA polymer fiber. By varying the fs pulse energy and laser scan surface period in the fabrication process, it is found that the enhancement factor of SERS signal could be optimized. At 1.2 μJ pulse energy, the scanned surface period of around 5 μm is much more appropriate for a PMMA polymer fiber. The detected concentration of R6G solution is 10 −6 M with maximum relative intensity of 52129 at 1362.8 cm −1 . Given a slightly prolonged integral time and better cleaved end faces of PMMA fiber, much lower concentration of R6G down to 10 −8 could be measured with such a polymer SERS fiber probe, which can be compatible to silica fiber based SERS fiber. Since the polymer fiber is much softer than the silica fiber, our polymer SERS fiber probe is easy to fabricate and verified to be an alternative method for the particular biochemical spectra sensing applications.
